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ABSTRACT 

A hypersonic arc-heated wind tunnel with a 1.5-megawatt a r c  heater, 
a 1-foot-diameter t e s t  section, and a ?-stage steam e jec tor  f o r  a vacuum 
is described. The rotating-arc heater  geometry i s  described and modifi- 
cations which have been made t o  the  heater t o  improve i ts  eff ic iency and 
contamination l eve l  a r e  discussed. P i to t  pressure cal ibrat ion experi- 
ments show t h a t  the  Mach number i n  the  t e s t  sect ion var ies  only  from 
about 11.85 t o  12.1 over a 9-inch length, i n  s p i t e  of the  f a c t  t h a t  a 
conical nozzle i s  used. 
the  flow i s  near chemical equilibrium. Data with a long nozzle exten- 
sion and a large var ia t ion i n  back pressure show t h a t  feedback through 
the  tunnel boundary layer  did not invalidate the  w a l l  s t a t i c  pressure 
data. 
stream density, and the  vibrat ional  and rotat ional  temperature i s  dis-  

W a l l  s t a t i c  pressure measurements indicate  t h a t  

An electron beam apparatus which permits measurements of t he  free- 

cussed and r e su l t s  are presented. A d-7-HoQ 

INTRODUCTION 

A t  several  locations throughout t he  country, e f fo r t s  a re  being 
directed toward the  application of the  arc heater  f o r  increasing the  
Mach number range of conventional hypersonic tunnels, o r  toward cre- 
ating a real-gas environment where hypersonic aerodynamic investiga- 
t ions  can be made with a i r  chemistry e f fec ts  present. F a c i l i t i e s  of 
t h i s  type wi tb  t e s t  times i n  the  order of minutes a re  par t icu lar ly  
sui ted t o  ce r t a in  types of hypersonic tes t ing.  For example, with long 
t e s t  times the  measurement of low s t a t i c  pressures i s  easier.  
t e s t s  involving t h e  aerodynamics associated with mass t r ans fe r  cooling 
may be undertaken more readily.  
arc-heater development work t h a t  has been conducted and some calibra- 
t i o n  and t e s t i n g  experience that has been obtained f o r  the  most par t  i n  
a hypersonic arc-heated tunnel with a Mach number 12, 1-foot-diameter 
t e s t  sect ion.  Many of the  r e su l t s  w i l l  be d i r ec t ly  applicable t o  
t e s t ing  and data in te rpre ta t ion  i n  a larger  10-megawatt arc-heated 
f a c i l i t y ,  which i s  i n  the f i n a l  construction stage at the  Langley 
Research Center. This la rger  f a c i l i t y ,  called the  Hy-perthermal Leg of 

Also 

This paper w i l l  discuss some of t he  
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t h e  Hypersonic Aerothermal Dynamics F a c i l i t y  will have a 4-foot-diameter 
t e s t  section and W i l l  exhaust i n to  a 100-foot-diameter vacuum sphere. 

NOMEDICLATURE 

A nozzle cross-sectional area 

A* th roa t  cross- sect ional  area 

B magnetic flux density 

d* nozzle throa t  diameter 

H t  tunnel stagnation enthalpy 

I radiat ion in t ens i ty  

J current 

M Mach number 

w a l l  s t a t i c  pressure P1 

tunnel stagnation pressure 

stagnation pressure behind a normal shock 

Pt, 1 

Pt, 2 

T t  stagnation temperature 

Subscripts : 

( 0-1 1 
(1-0) nitrogen vibrat ional  bands ( see  appendix) (1-1) I 

TUNNEL 

The 1-foot hypersonic a r c  tunnel has a 1.5-megawatt a r c  heater .  
The heater w a s  designed t o  use ex is t ing  motor-generator apparatus f o r  
t h e  d-c power supply. The heater  exhausts through a 1/8-inch-diameter 
throat ,  a 5 O  half-angle conical nozzle, a cy l indr ica l  t e s t  sect ion 1-foot 
i n  diameter, and a s t r a igh t  pipe diffuser ,  t o  a ?-stage steam e j ec to r .  
The steam e jec tor  w i l l  provide a back pressure of 100 microns at  a tunnel 
mass f l o w  of 0.03 lb/sec.  
t h e  tunnel has been operated at  s tagnat ion pressures of 12 t o  23 a t m  and 
a t  stagnation enthalpies of 1,500 t o  3,000 Btu/lb. 

U s i n g  only about 900 kw of t h e  avai lable  power, 

The enthalpy 
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capabi l i ty  i s  not inversely proportional t o  the  stagnation pressure 
within t h i s  stagnation-pressure range since the efficiency increases 
with stagnation pressure. 
and f igure l ( b )  shows a view of a portion of the conical nozzle, the 
t e s t  section, and par t  of t h e  ClLfPiaer. 
foreground of f igure l ( b )  and the  apparatus d i r ec t iy  beneath iiie test 
section were used i n  an electron beam experiment t o  be described sub- 
sequently and are par t  of a special  test .  

Figure 1( a) shows a photograph of the  heater  

The instnme,en+.zt.ion i n  t he  

ARC HEATER 

A sketch of the  arc-heater configuration presently i n  use with 
t h i s  tunnel i s  shown i n  f igure 2. 
clean, uncontaminated airstream and is  suited f o r  high-pressure oper- 
ation. The previously quoted stagnation-pressure range of the  tunnel 
i s  l imited by the  mass flow capabi l i ty  of t he  steam ejector  and not 
by the  pressure capabi l i ty  of the  arc  heater. 

It i s  a design which provides a 

The distinguishing feature  of t h i s  type of heater i s  the  high 
magnetic f i e l d  strength which i s  used t o  ro t a t e  the arc.  
strengths of 12,000 t o  15,000 gauss are present i n  the region of the  
arc.  The resul t ing J x B force rotates  the  a rc  a t  a very high 
speed. I n  fac t ,  from t e s t s  on a similar heater  being operated a t  the  
Langley Research Center, there  i s  evidence t h a t  the a rc  i s  a diffused 
disk ra ther  than a filament (ref. 1). More d e t a i l s  of the  heater  
design used with the  1-foot hypersonic arc tunnel can be found i n  
reference 2. 

Field 

An a rc  heater  of t h i s  general design excels i n  i t s  a b i l i t y  t o  
produce a clean airstream and t o  operate a t  high pressures. 
i t s  shortcomings i s  t h a t  at  low air mass flow rates,  it i s  not as 
e f f i c i en t  as some of t he  other designs presently i n  use throughout 
the  country. 
designs which use a geometry such t h a t  the a rc  i s  pa ra l l e l  t o  t he  
airflow and which force the a rc  through a constr ic tor .  One of the  
reasons f o r  t h e  re la t ive ly  poor efficiency of the heater  shown i n  
f igu re  2, when it i s  attached t o  the  1-foot hypersonic a rc  tunnel, i s  
the  s m a l l  th roa t  s ize .  The experimental points shown i n  f igure  3 
represent a se r i e s  of t e s t s  performed by M r .  Roger B. Stewart at  the  
Langley Research Center wherein the  heater shown i n  f igure 2 w a s  
exhausted in to  a water-cooled calorimeter. 
tests w a s  t o  evaluate various techniques f o r  enthalpy determination and 
three  d i f f e ren t  th roa t  s izes  were used; however, the  t rend of increasing 
eff ic iency with increasing air  mass f l o w  through the heater  i s  c lear ly  
evident i n  f igure  3 .  
power inputs t o  the  a rc  from about 380 kw t o  430 kw. 
t i o n  Of t h e  r e s u l t s  denoted by the  diamond symbols, the  stagnation 

One of 

Much higher eff ic iencies  are  usually quoted f o r  heater  

The main purpose of these 

The test  points shown i n  f igure 3 represent 
With the  excep- 
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pressures were from 200 t o  380 ps ia .  
diamond symbols were t e s t e d  at stagnation pressures from 110 t o  
165 psia.  

The r e su l t s  represented by t h e  

I n  an e f for t  t o  improve t h e  eff ic iency of t h i s  heater  a number 
of modifications have been made. 
instead of oxygen-free copper appeared t o  be advantageous from t h e  
standpoint of decreasing contamination, but a negl igible  increase i n  
efficiency was observed. 

U s i n g  s i lver-plated electrodes 

S i lver  plat ing has i t s  problems also, since imperfect p la t ing  can 
cause a burnout. During tes t ing,  several  burnouts were surmised t o  
have been caused by the  f a c t  t h a t  when a t i n y  bubble i n  t h e  plated sil- 
ver  was heated, a small piece of s i l v e r  would f lake  off t h e  electrode 
and the metal l ic  vapor would evidently cause t h e  a rc  t o  dwell i n  t h i s  
area. 

One modification which resul ted i n  an increase i n  eff ic iency i s  
i l l u s t r a t e d  i n  f igure  4. 
from t h a t  shown i n  t h e  lower pa r t  of t h e  photograph t o  t h a t  shown i n  
t h e  upper par t ,  resul ted i n  a l a rge  increase i n  eff ic iency and enthalpy 
capabili ty.  Only t h a t  portion of t h e  center electrodes t o  t h e  l e f t  of 
t h e  white, boron n i t r i d e  pieces i n  f igure  4 protrude i n t o  the  a r c  cham- 
be r  so only t h i s  portion i s  s igni f icant  i n  changing t h e  performance of 
t h e  heater.  The main difference between t h e  two electrodes i s  t h a t  t he  
copper electrode i n  f igure  4 i s  aerodynamically cleaner. Consequently 
t h e  flow of a i r  i n  the  region of t he  a r c  i s  l e s s  turbulent .  Operating 
a t  a stagnation pressure of about 150 p s i  and t h e  same power input, t he  
enthalpy of t h e  exhausted air  w a s  increased from about 2,000 Btu/lb t o  
about 3,000 Btu/lb when using t h e  improved center electrode. The half-  
f i l l e d  diamond symbols i n  f igure  3 denote tes t  points  taken with t h e  
improved center electrode configuration shown i n  t h e  upper pa r t  of f i g -  
ure  4, and ind ica te  t h e  increased ef f ic iency  t h a t  w a s  obtained. 

Changing the  center electrode configuration 

TUNNEL! FLOW CALIBRATION 

P i t o t  Pressures 

The t e s t i n g  experience i n  t h i s  arc-heated f a c i l i t y  up t o  t h e  
present has emphasized stream ca l ib ra t ion  experiments. Figure 5( a)  
shows t h e  Mach number d i s t r ibu t ion  along t h e  tunnel center l i n e  and 
f igure 5(b)  shows a cross-stream p i t o t  survey. 
ber  i s  about 12, and t h e  f a c i l i t y  has a tes t  core about 5 inches i n  
diameter. 
about 9 inches, t h e  Mach number va r i e s  only from 11.85 t o  12 .1  a t  t he  
noted stagnation conditions. 
i n  some contoured nozzles. The shallow Mach number gradient i s  of 
course due t o  t h e  f ac t  t h a t  t he  tunnel w a l l  boundary layer  bui lds  up 
a t  the proper r a t e  so as t o  cancel t h e  Mach number gradient which i s  
produced by an inv isc id  conical expansion. This type of closed tes t  

The stream Mach nun- 

Figure 5(a) shows t h a t  over a longi tudinal  dis tance of 

This compares favorably with t h e  gradient 
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section, w i t h  a pressure r i s e  at  the  juncture of t he  conical nozzle 
and cy l indr ica l  t e s t  section, very l i k e l y  contributes t o  the  f a c t  
t h a t  t he  Mach number i s  so uniform i n  t h i s  region. These r e s u l t s  
would not be expected at  widely varying stagnation conditions. 
fac t ,  experiments i r i  heli-m xTnd t.mnels w i t h  siz5lar nozzle geometry, 
colder flow, and stagnation pressures or' 1,000 t o  j,OOO p s i  'Bm-z r;ot 
rea l ized  as shallow a gradient as i s  shown i n  f igure  5(a) ( r e f .  3 ) .  

I n  

Chemical S t a t e  of Nozzle Flow 

A ser ious problem connected with the development of high enthalpy, 
hypersonic wind tunnels i s  concerned w i t h  t he  poss ib i l i t y  of non- 
equilibrium flow i n  t h e  nozzle. An invest igat ion which w a s  conducted 
i n  a forerunner of t he  present 1-foot arc tunnel produced some encour- 
aging r e s u l t s  concerning the  problem of avoiding nozzle nonequilibrium 
flow. 
i d e n t i c a l  t o  t h e  present 1-foot a r c  tunnel except the  conical nozzle 
only extended from the  1/8-inch th roa t  t o  a 3-inch-diameter t e s t  sec- 
t ion .  Later, an extension t o  t h i s  invest igat ion w a s  conducted i n  the  
1-foot a r c  tunnel. 

The s m a l l  tunnel i n  which t h i s  eqer iment  w a s  conducted w a s  

The bas ic  experiment w i l l  be reported i n  reference 4; it con- 
s i s t e d  of measuring w a l l  s t a t i c  pressures along t h e  nozzle f r o m  the  
l/8-inch th roa t  t o  the  3-inch-diameter t e s t  section. P i t o t  pressure 
measurements were also made along the  center l i n e  of t he  nozzle a t  
corresponding locat ions.  I n  order t o  match the  p i t o t  pressure meas- 
urement t o  a given w a l l  o r i f i c e  locat ion it w a s  assumed tha t  conical 
source flow exis ted i n  the  nozzle. 
s t a t i c  pressures t o  define t h e  flow has i t s  l imitat ions;  it w a s  pursued 
a f t e r  o ther  techniques such as measurements of s t a t i c  pressures on 
half-wedges and slender, pointed probes proved too complicated as a 
r e s u l t  of t h e  induced pressure e f fec ts  on the  small s i ze  probes 
required i n  t h e  3-inch-diameter nozzle. 
probes have, however, been made i n  l a rge r  nozzles. For example, the  
shock tunnel  experiments of reference 3 showed the  degree of equilib- 
r i u m  i n  t h e  nozzle of a shock tunnel  over a wide range of stagnation 
conditions. 

This technique of using w a l l  

Successful measurements using 

A p l o t  of t he  w a l l  s t a t i c  pressure against  p i t o t  pressure, meas- 
Both 

P i t o t  pressure i s  insen- 

ured at  various locat ions down t h e  nozzle i s  shown i n  f igure  6. 
the  s t a t i c  and p i t o t  pressure measurements a re  nondimensionalized by 
dividing by t h e  tunnel  stagnation pressure. 
si t ive t o  whether t he  flow i s  i n  equilibrium or frozen, and t h e  r e s u l t s  
a r e  p lo t t ed  i n  t h i s  manner simply t o  circumvent t he  d i f f i c u l t y  con- 
nected with determining the  var ia t ion  i n  s t a t i c  pressure with effec- 
t i v e  nozzle a rea  r a t i o .  
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Also shown i n  f igure 6 a re  t h e  calculated var ia t ions  of p i t o t  and 
s t a t i c  pressure down t h e  conical nozzle f o r  d i f fe ren t  stagnation con- 
d i t ions  and f o r  d i f fe ren t  assumptions concerning the degree of equilib- 
rium of t h e  flow. The nonequilibrium predict ion w a s  computed by the  
method of reference 6, which considers only a 3-component gas mixture 
(N2, 02, and 0). A t  these r e l a t ive ly  low enthalpies, however, it i s  
close t o  t h e  more accurate predict ion of reference 7. 
of the experimental and calculated r e s u l t s  shown i n  f igure  6, indicates  
tha t  t he  nozzle flow i s  very close t o  equilibrium f o r  nozzle locat ions 
down t o  a 3-inch diameter. 

A comparison 

One o f  the  objections t o  the use of w a l l  s t a t i c  pressures t o  indi-  
ca te  the var ia t ion  of s t a t i c  pressure down a nozzle i s  the  p o s s i b i l i t y  
of a high-pressure feedback upstream through the  tunnel w a l l  boundary 
layer .  
were p a r t i a l l y  frozen it would move the  experimental points  toward t h e  
equilibrium curve. The r e s u l t s  shown i n  f igure  7 ind ica te  tha t  t h i s  
e f fec t  w a s  ins igni f icant .  The c i r cu la r  symbols represent t h e  var ia-  
t i o n  o f  t h e  nozzle w a l l  s t a t i c  pressure w i t h  geometric area r a t i o  f o r  
t he  t e s t s  conducted i n  t h e  s m a l l  arc-heated tunnel with i t s  3-inch- 
diameter tes t  section. This corresponds t o  configuration 2 i n  f ig -  
ure  7. The 
square symbols are t h e  data  obtained at the  same o r i f i c e  locat ions but 
with a conical extension which provided a t e s t  sect ion 1 foot  i n  diam- 
e t e r  (configuration 1). 
about 0.003 psia.  The f a c t  that the pressures presented i n  f igu re  7 
check so closely f o r  t h e  widely varying back pressure ind ica tes  that  
t h e  data shown i n  f igure  6 are not s ign i f i can t ly  affected by a high- 
pressure feedback upstream through the tunnel  boundary layer .  
measurements of the w a l l  s t a t i c  pressure with t h e  p i t o t  tube a t  d i f -  
ferent  longi tudinal  locat ions down the nozzle a l s o  showed tha t ,  within 
the  range tes ted,  t he  p i t o t  tube had l i t t l e  e f f ec t  on those w a l l  s t a t i c  
pressures upstream of t h e  p i t o t  tube locat ion.  

This would raise the  w a l l  s t a t i c  pressures, and i f  t he  flow 

The back pressure f o r  these tes ts  w a s  about 0.34 psia .  

The back pressure when using t h i s  nozzle w a s  

Repeat 

Electron Beam Experiments 

Since a high Mach number hypersonic tunnel  usual ly  has tes t  sec- 
t i o n  dens i t ies  tha t  are ra ther  low, t h e  electron beam appears a t t r ac -  
t i v e  as a research t o o l  f o r  defining t h e  s t a t i c  propert ies  i n  t h e  tes t  
section. 
negl igible  e f f ec t  on the  flow, and point  measurements can be obtained 
i n  t h e  flow. 
been previously developed i n  observations of t he  aurora borea l i s  and 
have been applied t o  a low densi ty  f a c i l i t y  by E. P. Muntz, refer-  
ence 8. Mr. D. I. Sebacher and Mr. R. J. Duckett b u i l t  t h e  e lectron 
beam generator and made t h e  measurements t o  be reported i n  t h i s  
paper. 

The method i s  pa r t i cu la r ly  su i t ab le  i n  t h a t  the beam has a 

The technique f o r  in te rpre t ing  the  measurements has 
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The electron beam i s  collimated across the  t e s t  section of t he  
tunnel and the  l i g h t  from the  molecular ion 
troscopically.  
the ro ta t iona l  and vibrat ional  temperature can be computed. The 
weul-y w i i i &  z~plies to t h i s  qxrat.fon i s  dismissed i n  the  appendix. 
Also from the in t ens i ty  of the  beam as  compared t o  a bench calibra- 
t i o n  a t  the  same beam current, the  free-stream density can be 
determined. 

NZ i s  observed spec- 
From the  d is t r ibu t ion  of l i g h t  in tens i ty  i n  the  bands, 

A I  --L - 

Details of t he  construction of the  electron beam generator and 
a schematic diagram of i t s  e l e c t r i c a l  c i r cu i t  i s  shown i n  f igure 8. 
The electron beam generator i s  shown i n  cross section as it appeared 
when attached t o  the  bottom of the  tunnel t e s t  section. The upper 
par t  of f igure  8 denotes the t e s t  section window through which the  
beam could be viewed. 
pump i s  needed t o  evacuate the  chamber i n  which the  filament and 
accelerating o r i f i c e  p la tes  a re  located. The pressure i n  t h i s  chamber 
should be about 5 x 10-5 mm Hg. 

A s  par t  of the  auxi l iary apparatus, a vacuum 

Although the  magnetic c o i l  of the  arc heater w a s  located about 
6 f e e t  from the  tunnel t e s t  section and the  electron beam generator, 
it w a s  necessary t o  magnetically shield the generator. The sh ie ld  
i s  not shown i n  f igure  l ( b )  o r  figure 8. It w a s  only necessary t o  
shield the  region of the  electron beam generator near the filament, 
since only i n  t h i s  region where t h e  velocity of the  electrons i s  
r e l a t ive ly  low i s  there  an appreciable deflection of the  beam due t o  
the  magnetic f i e l d .  

I 

The r e su l t s  of t he  vibrat ional  temperature measurements using 
the  electron beam technique a r e  shown i n  f igure  9. 
were calculated using the  technique discussed i n  the  appendix. The 
predicted var ia t ion  of the  l i g h t  in tens i ty  r a t i o  f o r  two bands of 

N$ Thus, a measurement of t he  in t ens i ty  
ra t io ,  when used i n  conjunction with the curves f o r  these moiecular 
bands, will determine the  vibrat ional  temperature of the nitrogen i n  
t h e  f r e e  stream. The experimental measurements shown by the  shaded 
area i n  f igure  9 were taken from a scan of t he  spectrum presented i n  
f igure 10. When using a d i r ec t  read-out on the  spectrometer, there  
a re  some accuracy d i f f i c u l t i e s  as discussed i n  the  appendix, so these 
measurements should be considered preliminary. However, it i s  
encouraging t h a t  t he  r e su l t s  using the  two d i f fe ren t  band systems 
indica te  about t h e  same vibrat ional  temperature i n  the  f r ee  stream. 
This indicated vibrat ional  temperature of about 1,500° K i s  higher 
than t h a t  which would be predicted f o r  equilibrium flow. 
measured tunnel stagnation pressure of 19.4 atm and the  neasured 
stagnation enthalpy of 1,935 Btu/lb, the free-stream s t a t i c  tempera- 
t u r e  (assuming equilibrium flow) should be about 150° K. A t  t he  

The so l id  curves 

i s  shown by these curves. 

For t h e  
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nozzle locat ion where the diameter i s  3 inches and where pressure 
measurements indicated t h a t  t h e  flow w a s  i n  chemical equilibrium, t h e  
equilibrium s t a t i c  temperature should be about 4700 K. 
temperature measurements at  t h e  1-foot sect ion using t h e  electron beam 
technique indicate  a temperature which i s  even higher than t h i s  t e m -  
perature. 
equilibrium. 

The v ibra t iona l  

It thus appears t h a t  the flow i s  not i n  v ibra t iona l  

A discussion of t he  r e l a t i v e  relaxat ion t i m e s  of t h e  v ibra t iona l  
energy mode and the  chemical dissociat ion i s  given i n  reference 9. 
The estimate given i n  reference 9 indicates  t h a t  a t  about 4,000' K, 
t h e  oxygen recombination react ion time and the  v ibra t iona l  relaxation 
t i m e  are about t h e  same. 
shock tube measurements of t he  dissociat ion rate have indicated rates 
slower than t h a t  predicted by reference 9. 

Later experimental evidence obtained i n  

A comparison of t h e  r e su l t s  of t h e  w a l l  s t a t i c  pressure measure- 
ments and the electron beam measurements presented i n  t h i s  paper does 
not necessarily indicate  tha t  chemical recombination rates are f a s t e r  
than vibrat ional  relaxation r a t e s .  
at a temperature of 1,500° t o  2,000' K, t h e  amount of energy involved 
i n  dissociat ion would be so s m a l l  t h a t  nonequilibrium e f f e c t s  would not 
be detectable by the  pressure measurements. 

If t h e  flow were frozen chemically 

The r e l i a b i l i t y  of these  v ibra t iona l  temperature measurements 
w i l l  be s ign i f icant ly  improved when d i r e c t  read-out i s  not used but 
a spectrogram i s  taken. It i s  expected that ro t a t iona l  temperature 
w i l l  a lso be obtained from t h i s  spectrogram using the  method d is -  
cussed i n  t h e  appendix and i l l u s t r a t i o n  i n  f igu re  11. Rotational 
temperature could not be obtained with the  d i r e c t  read-out a t tach-  
ment on t h e  spectrometer because t h e  individual  ro t a t iona l  l i n e s  i n  
a band could not be resolved. 

The use of t h e  electron beam t o  determine t h e  free-stream 
density proved straightforward. 
a r e  given i n  t h e  appendix. 
the cal ibrat ion curve w a s  only s l i g h t l y  nonlinear. 
value of t h e  density i n  t h e  tunnel t es t  sect ion w a s  0.25 x 
per  cu f t .  
nozzle, w a s  0.22 x 10-6. 

Further d e t a i l s  of t h i s  technique 
Within t h e  operating range of t h e  tunnel, 

slugs 
The measured 

The calculated value, assuming equilibrium flow i n  t h e  

CONCLUSIONS 

Testing experience i n  a s m a l l  arc-heated, hypersonic wind tunnel 
has indicated the  following conclusions: 

1. The arc-heater design used with t h e  1-foot, hypersonic a rc  
tunnel  provides an especial ly  clean and uncontaminated airs t ream and 
i s  suited f o r  high pressure, high mass flow rates ,  and r e l a t i v e l y  

8 



high power operation. 
of heater  m i g h t  not be as e f f i c i en t  as  other types. 

However, a t  l o w  air mass flow rates,  t h i s  type 

2. For the  stagnation pressure and enthalpy range a t  which the  
i-foot 
i n  the t e s t  section i n  sp i t e  of Cue Pact that the  zczzle i s  crrniral,  
Indications a re  tha t  the  closed t e s t  section type of design used f o r  
t h i s  wind tunnel i s  contributing t o  the favorable, viscous contouring 
of the  nozzle. 

+-...+-. b.ulurel is Sei94 operated, a surprisingly uniform flow ex i s t s  

I 
I 

3 .  W a l l  s t a t i c  pressure measurements i n  the  conical nozzle have 
indicated t h a t  t he  flow i s  i n  chemical equilibrium over at least the  

I first 1/4 of the  nozzle length. These measurements were m a d e  at  stag- 
I nation pressures from 12  t o  20 atm and at enthalpy leve ls  of about 

2,000 Btu/lb. 
s t a t i c  pressures were not s ign i f icant ly  affected by feedback upstream 
through the  tunnel wall boundary layer .  

A nozzle extension experiment indicated t h a t  the  w a l l  

4. Preliminary measurements using an electron beam and a d i r ec t  
read-out spectrometer t o  determine the vibrational temperature indi- 
cated that  t h e  vibrat ional  temperature of t h e  nitrogen molecules i n  
the  airstream i s  too high t o  be considered i n  equilibrium. Rota- 
t i o n a l  temperature measurements could not be obtained with the  d i r ec t  
read-out spectrometer but they a re  expected t o  be obtained from a 
spectrogram. 
making measurements of the free-stream density i n  the  test section. 

The electron beam technique also proved useful  f o r  

9 
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A 

Bv 
C 

C 

F 

G o b )  
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I 

J 

K 

k 

N 

N: B 2C 

NZ X 2C 

n 

Q r  

Qv 
R 

R e  

R v  'v*" 

I N T W m T A T I O N  OF SPECTROGRAPH MEASUREMFNTS 

USING AN ELFCTRON BEAM 

D. I. Sebacher 

NOMENCLATURE 

Einstein 's  spontaneous t r a n s i t i o n  probabi l i ty  

ro ta t iona l  constant of v vibrat ional  l e v e l  

const ant 

speed of l i g h t  

constant 

term values f o r  v ibra t iona l  leve ls  

Planck's constant 

i n t ens i ty  of radiat ion 

ro ta t iona l  quantum number, with electron spin 

ro ta t iona l  quantum number, with no electron spin 

Bolt  zmann constant 

number of p a r t i c l e s  

upper e lectronic  state of nitrogen ion 

ground s t a t e  of nitrogen ion  

N$ 

NZ 

ground s t a t e  of nitrogen molecule 

number of N 2  X 1z molecules 

number density 

ro ta t iona l  state sum 

vibra t iona l  state sum 

gas constant 

e lectronic  t r a n s i t i o n  moment 

t r ans i t i on  moment 

t r a n s i t i o n  probabi l i ty  

internuclear  dis tance r 

10 



T temperature 

V wave number 

CI co l l i s ion  diameter 

9 eigenfunctions 

Subscripts: 

V v ibra t iona l  

1 designates the  s t a t e  N2 X ' C  

2 designates t h e  s t a t e  N; X *C 

Superscripts : 
1 indicates  upper state i n  t r ans i t i on  

ind ica tes  lower s t a t e  i n  t r ans i t i on  11 

GENERAL CONSIDERATIONS 

To use t h e  electron beam technique, a narrow column of e lectrons 
(10 t o  20 kv) i s  passed normal t o  the  flow through t h e  t e s t  section. 
These electrons exc i te  a small number of t h e  pa r t i c l e s  making up the  
flow and t h e  resu l t ing  emission of l i g h t  from the excited p a r t i c l e s  
i s  observed spectrographically t o  determine the vibrat ion and ro ta t ion  
temperatures and the number density of t he  species observed. 

V '  
I n  air, the l ight  observed is  

dominated by t h e  first negative sys- 
t e m  of NZ and has been proven by 

Muntz ( r e f .  8) t o  follow, according 
t o  t h e  Franck-Condon Principle,  t h e  
exc i ta t ion  and emission paths as 
shown i n  t he  opposite sketch. 

Eev 

11 
V, i 

(1) 
2 +  exci ta t ion emi s s ion 

N2 x cg + -9 N: B 2c - NZ X Cg 

Since absolute i n t e n s i t i e s  of t he  emitted l i g h t  are d i f f i c u l t  t o  
measure, r e l a t i v e  measurements a re  used throughout. To determine the  
v ibra t iona l  temperature, t he  r a t i o s  of t h e  r e l a t ive  i n t e n s i t i e s  of 
various v ibra t iona l  bands are compared as a function of temperature. 
To determine t h e  ro ta t iona l  temperature, t h e  var ia t ion  of t h e  r e l a t ive  
i n t e n s i t i e s  of t h e  ro ta t iona l  l i n e s  i n  a vibrat ion band with the  rota- 
t i o n a l  quantum number i s  observed as a function of temperature. To 

11 



determine t h e  number density, t h e  r e l a t i v e  in t ens i ty  of t h e  t o t a l  
l i g h t  of t he  first negative system i s  cal ibrated as a function of 
density f o r  a given electron beam current.  
t i o n  of these measurements i s  as follows. 

A t heo re t i ca l  descrip- 

VIBRATION TEMPERATURF: MEASUREMENTS 

The in t ens i ty  of a spec t ra l  l i n e  i n  emission i s  defined ( ref .  10) 
f o r  the bands under study as 

where 

64rr4vV v2 I t  3 

Avtv211 = 1% 'v2" I 2 

3h 
( 3 )  

i s  t h e  Einstein spontaneous emission probabi l i ty .  The t r a n s i t i o n  
probabi l i ty  of emission i s  given by 

The number of pa r t i c l e s  i n  t h e  v '  s tate i s  given by 

A 

where the Einstein t r a n s i t i o n  probabi l i ty  of absorption is  given by  

and the t r a n s i t i o n  probabi l i ty  of absorption by 

Combining these terms i n  equation (2 )  then gives 

12 



o r  

where 

and the  r a t i o  of any two bands such as the (0,l) t o  the  (1,2) 

first negative bands of NZ i s  given by 

The in t ens i ty  r a t io s  of two bands of the  f i rs t  negative band of 
were computed as  a function of temperature and a re  shown i n  f ig -  N: 

ure  9. The r e l a t ive  populations of the vibrat ional  leve ls  of 
1 N 2  X C f o r  various temperatures assuming a Boltzmann d is t r ibu t ion  

can be found i n  Muntz ( r e f .  8), and the probabi l i t i es  and wavelengths 
used i n  equation (11) can be found i n  Bates ( r e f .  11). 

When the  electron beam method was applied t o  the  tunnel measure- 
ments it w a s  found tha t  the  l ight level  of the beam excited emission 
w a s  so low f o r  t he  running time of the  tunnel t h a t  photoelectric 
techniques were best  sui ted t o  obtain data. The instrument used was 
a 3.5-meter J a r r e l l  A s h  Spectrometer with a d i rec t  read-out attach- 
ment using a lP.28 photomultiplier tube. 
graph w a s  removed. 
i n  f igure  10 with the  bands of in te res t  designated. 

The s l i t  of t he  spectro- 
A scan of t he  spectrum during a t e s t  i s  shown 

A continuous 



background i n  t h e  v i s i b l e  wavelength i s  a l s o  evident. 
of v i s ib l e  light i s  probably due t o  contamination of t h e  stream by cop- 
per  from the  electrodes.  
0.2 percent; however, because of t h e  s e n s i t i v i t y  of the  photomul- 
t i p l i e r  tube even t h i s  low contamination l eve l  shows on the  scan of 
t h e  spectrum. 
detectable i n  a darkened room. The vibrat ion temperature computed 
from the  spectrographic scan i s  shown i n  t h e  shaded area of figure 9 
and i s  i n  t h e  range of 1,500° K. This indicates  t h a t  t h e  vibrat ion 
i s  far out of equilibrium with the  s t a t i c  temperature (130' K ) .  The 
in t ens i t i e s  used f o r  t h i s  measurement were t h e  integrated in t ens i ty  
under t h e  curve of f igure  10 f o r  t h e  bands of i n t e re s t .  It should be 
noted t h a t  at these high temperatures the  bands begin t o  overlap as 
t h e  higher ro ta t iona l  quantum s t a t e s  become more populated and in t ro-  
duce some uncertainty i n  the  measurements. For t h i s  reason, t he  
temperature measurement which i s  shown should only be considered as 
an approximate value and t h e  result i s  therefore  shown as a shaded 
area. 

This background 

The contamination l eve l  i s  believed t o  be below 

To t h e  naked eye t h i s  background il lumination i s  barely 

This value of t h e  v ibra t iona l  temperature should be considered 
a preliminary measurement. More accurate data w i l l  be obtained from 
a spectrographic p la te .  
series of tests with the  tunnel parameters held constant i n  order t o  
obtain t h e  proper exposure. 
t h e  t e s t s  are l imited t o  a duration of about 3 minutes and it appears 
t h a t  an exposure of about 20 minutes i s  needed t o  obtain a good 
spectrographic p l a t e .  
100-micron entrance s l i t  w i l l  not only give accurate v ibra t iona l  
r a t i o s  but  will a l s o  resolve t h e  ro t a t iona l  s t ruc ture  so t h a t  t h e  
ro ta t iona l  temperature can be computed. 

The p l a t e  w i l l  have t o  be exposed t o  a 

Because of cooling water l imitat ions,  

The resolut ion provided by t h e  p l a t e  with a 

ROTATIONAL TEMPERATURE MElAsuREMENTS 

The in t ens i ty  of t h e  l i n e s  of ro ta t ion  i n  emission i s  given by 
Hertzberg (ref. 10) as 

B 'J (J '+l)hc 
kT 

(12) 
- 4 

I = %'J' + J" + 1 ) e  
Q r  

For a 2C, - 2C, 
of 

t r ans i t i on  as i n  t h e  case of t h e  f i rs t  negative bands 
NZ and at  r e l a t ive ly  low temperatures the  equation simplifies t o  

(13) - BK ( K  +1) hc 
I =FK'e kT 
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If I n  I i s  p lo t t ed  against  K ' ( K '  + l), t he  slope of t he  s t r a i g h t  

l i n e  gives Bhc - from which the  ro ta t iona l  temperature T can be 

K 

kT 
bVIllpuULU. 

I 
K' 

A family of curves of In - against K ' ( K '  + 1) as a func- 

t i o n  of temperature i s  presented i n  f igure 11 along with some experi- 
mental points  taken under s t a t i c  conditions at 300' K t o  check the  
accuracy of t h e  electron beam method i n  determining ro t a t iona l  tem- 
peratures.  
t u r e  using t h e  d i r e c t  read-out by obtaining the  in t ens i ty  of t he  
unresolved R branch of t he  (0,O) band, but t he  noise-to-signal 
r a t i o  w a s  too grea t  at  the  beam l i g h t  level .  
w i l l  be used i n  t h e  fu ture  t o  determine the  ro ta t iona l  s t ruc ture .  

An attempt w a s  made t o  determine the  ro t a t iona l  tempera- 

Spectrographic p l a t e s  

NUMBER D E N S I T Y  AS A F U N C T I O N  OF I N T E N S I T Y  

The emission in t ens i ty  as a function of t he  number densi ty  i s  
given by Muntz ( r e f .  8) as 

n h C V m  
I =  

1 +  2 n a 2 V G  
A, 

Since most of t h e  l i g h t  due t o  t h e  electron beam comes from the  
( 0 , O )  band, t h e  in t ens i ty  of t h i s  band w a s  observed as a function of 
densi ty  and it w a s  found t o  be f a i r l y  l i nea r  up t o  100 microns of Hg 
f o r  a 12.5-kv beam. 

I n  ac tua l  prac t ice  the  in t ens i ty  is cal ibrated as a function of 
densi ty  before and after each run and the in t ens i ty  of the  beam during 
the  run i s  then applied t o  t h i s  curve t o  obtain the  stream densi ty  
during t h e  run. 
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( a )  Arc-heater portion of tunnel.  (Center electrode removed. ) 

Figure 1.- Photograph of 1-foot hypersonic a r c  tunnel.  
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Figure 8.- Electron beam generator attached t o  tunnel. 
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